Introduction
The importance of natural killer (NK) cells in host defense against microbial infections and tumors has been highlighted in individuals lacking NK cells or NK cell functions; these individuals suffer from persistent and life-threatening infections of normally benign herpes viruses and tumors. [1] [2] [3] NK cell function is regulated by integrating activating and inhibitory signals from engaged NK cell receptors. 4 The NK cell receptor repertoire in mice includes the Ly49, NKG2D, CD94/ NKG2, and NKR-P1 families of receptors, all of which are encoded by genes in the NK gene complex (NKC) on chromosome 6. 5, 6 The well-characterized Ly49 receptor family is the mouse functional equivalent of the human killer cell immunoglobulin-like receptor (KIR) family, which recognizes class I major histocompatibility complex (MHC-I) molecules. 5, 6 This NK cell recognition system, termed "missing-self," involves surveillance of host MHC-I molecules and the response to cells without MHC-I expression. 7 NKR-P1 receptors are homodimeric type II transmembrane C-type lectinlike molecules 4, 6, 8 and are conserved across many species. 9 This receptor family consists of 5 members in mice (NKR-P1A, NKR-P1B/D, NKR-P1C, NKR-P1F, and NKR-P1G; Nkrp1e is a pseudogene). [10] [11] [12] NKR-P1A and NKR-P1F are proposed to be activating and are expressed at low levels on all NK cells. 13 The activating NK1.1 (NKR-P1C) receptor, a prototypical antigen defining mouse NK cells in the C57BL/6 (B6) mouse strain, is a product of the Nkrp1c B6 gene. 14 NKR-P1G has only recently been documented to be inhibitory and primarily involved in mucosal immunity, 15 whereas NKR-P1B is a known inhibitory receptor first identified in the Swiss and SJL mouse strains. 10, 11, [16] [17] [18] At least 3 different Nkrp1b alleles have been described. The B6 allele has been variably termed Nkrp1d or Nkrp1b
B6
, and encodes the NKR-P1B B6 receptor, also known as NKR-P1D. 11 NKR-P1B is expressed only on a subset of NK cells. 13 NKR-P1B 1 and NKR-P1B 2 NK cells differ in their expression of other NK cell receptors in both mice and rats. 13, 19, 20 Ligands for most NKR-P1 receptors have been identified as members of the C-type lectin-related (Clr) family of membrane glycoproteins encoded by the Clec2 genes, which are intermingled among the Nkrp1 (Klrb1) genes within the mouse NKC. 12, 17, 18 The currently known receptor-ligand pairs for these families include NKR-P1B: Clr-b; NKR-P1F:Clr-c,d,g; and NKR-P1G:Clr-d,f,g. 17, 18, 21, 22 We have generated an NKR-P1B-deficient B6 mouse strain to study the role of NKR-P1B in NK cell development and function in vivo. We chose to target NKR-P1B for the following reasons: (1) the NKR-P1B:Clr-b system is well characterized in mice, and appropriate reagents, such as specific monoclonal antibodies (mAbs) and a complementary Clr-b gene-deficient mouse strain, are available 13, 23 ; (2) the NKR-P1B:Clr-b system is analogous to the inhibitory NKR-P1A:LLT1 system in humans, although their expression patterns may vary 24, 25 ; (3) the existence of 3 significantly different Nkrp1b alleles suggests a possible divergence as a result of pathogen challenge (eg, rat cytomegalovirus encodes a C-type lectinlike protein with homology to rat Clr- 11 [Clec2d11] that protects infected cells from NK recognition via the inhibitory rat NKR-P1B receptor) 26 ; and (4) in contrast to other, tissue-specific Clr family members, Clr-b, like MHC-I, is broadly expressed on hematopoietic cells, and its expression on transfected cells protects them from NK-mediated lysis. 12, 17, 18, 27 In addition, Clr-b expression is often downmodulated on tumor cell lines after virus infection and during genotoxic and cellular stress in vitro. 17, 26, 28 Therefore, NKR-P1B:Clr-b interactions represent an MHC-I-independent missing-self recognition system to monitor cellular levels of Clr-b. 17 
Materials and methods

Mice
C57BL/6 (B6), b 2 m-deficient (B2m 2/2 ) (B6.129P2-B2m tm1Unc /J), CMV-cre transgenic (Tg) (B6.C-Tg[CMV-cre]1Cgn/J),
Generation of NKR-P1B-deficient mice
All genetic modifications were performed on the Nkrp1b B6 allele. For clarity and simplicity, this allele will be referred to as Nkrp1b and the receptor as NKR-P1B in the remainder of this article. A targeting vector containing Nkrp1b genomic sequence with a floxed phosphoglycerate kinase (PGK)-neomycin cassette replacing exons 2 to 5 of Nkrp1b was created in a modified pBluescript-SK1 vector by bacterial artificial chromosome recombineering using clone RP23-127M20 in SW106 bacteria with an EcoRV-flanked galactokinase selection cassette, as previously described. 29 For a brief description of the strategy, please neo/neo mice were bred with CMV-cre Tg mice on a B6 background (The Jackson Laboratory). The resulting Nkrp1b lox/wt mice were interbred to produce Nkrp1b lox/lox mice. Mice were genotyped regularly using specific primers (supplemental Materials and Methods). Wild-type (WT) and NKR-P1B-deficient littermates were used in all experiments unless otherwise indicated.
Cells
YAC-1 and CHO cells were purchased from the American Type Culture Collection. CHO cells were stably transfected with pcDNA3-Clr-b expression vector using Lipofectamine (Invitrogen). Lymphokine-activated killer (LAK) cells and bone marrow-derived dendritic cells (BM-DCs) were generated as previously described.
30,31
Flow cytometry
For the source of commercially purchased antibodies, please refer to the supplemental Materials and Methods. Anti-Clr-b (4A6) and anti-NKR-P1B (2D9) antibodies have been previously described. 13, 17, 18 Anti-CRACC antibody and anti-NKR-P1B (2D12) hybridoma were kind gifts from Dr André Veillette (Clinical Research Institute of Montreal) and Dr. Koho Iizuka (University of Minnesota, Minneapolis, Minnesota), respectively. Antibody staining for flow cytometry was performed as previously described. 32 In vitro NK cell assays NK cell cytotoxicity was measured using the standard 4-hour 51 Cr-release assay as previously described. 33 For intracellular interferon (IFN)-g measurement and CD107a staining, splenocytes from polyinosinic:polycytidylic acid (poly[I:C])-treated mice (150-mg intraperitoneal [IP] injection for 18 hours) or phosphatebuffered saline-treated mice were incubated with YAC-1 cells, plate-bound anti-NKR-P1C (NK1.1), and anti-NKR-P1B (2D12), or with phorbol 12-myristate 13-acetate (PMA; 10 ng/mL) and ionomycin (1 mg/mL) for 5 hours with brefeldin A and monensin (eBioscience). Intracellular IFN-g staining using the Cytofix/Cytoperm kit (BD Biosciences) and CD107a staining were performed as previously described. 34 In vivo splenocyte rejection assay Splenocytes from WT B6, MHC-I-deficient, Clr-b-deficient, and MHC-I/ Clr-b double-deficient mice were labeled with different concentrations of 5-(and 6)-carboxyfluorescein diacetate succinimidyl ester (Invitrogen) as previously described. 35 A 1:1 mixture of 1 3 10 7 WT and various genedeficient splenocytes were injected into the tail vein of recipient mice that were either untreated or treated with 150 mg of IP poly(I:C) for 24 hours or 5 mg of IV CpG-B (ODN 2006, Hycult Biotech) and 30 mg of IV dioleoyltrimethylammoniumpropane (DOTAP) (Invitrogen) for 6 hours prior to splenocyte injection. For NK cell depletion, mice were treated with 200 mg of IP anti-NKR-P1C (NK1.1) antibody 48 hours prior to splenocyte injection. Spleens of recipient mice were harvested 5 to 18 hours later and analyzed as previously described. 35 
Statistical analysis
Statistical significance was determined by Student t test and log-rank test, where applicable, with a cut-off P value of .05.
Results
Targeted deletion of the Nkrp1b gene
We generated NKR-P1B-deficient mice on a B6 background to study this receptor's role in NK cell function. A floxed neomycin cassette was inserted into the Nkrp1b gene by homologous recombination, replacing exons 2 to 5 in B6-background ES cells ( Figure 1A ). Founder mice carrying the Nkrp1b neo allele were bred to WT B6 females. The resulting Nkrp1b wt/neo offspring were genotyped by Southern blot analysis and PCR, and interbred to produce Nkrp1b neo/neo mice (Figure 1B-C). Nkrp1b neo/neo mice were then bred with CMV-cre Tg mice on a B6 background to remove the neomycin cassette through Cre-mediated recombination. The resulting Nkrp1b wt/lox mice were genotyped by PCR and interbred to obtain Nkrp1b lox/lox mice ( Figure 1C ). We confirmed Nkrp1b deletion by flow cytometric analysis using 2 different NKR-P1B-specific mAbs, 2D9 and 2D12.
13,18 DX5 1 TCRb 2 NK cells from Nkrp1b lox/lox mice lacked any detectable NKR-P1B surface expression ( Figure 1D ) and are, therefore, referred to as Nkrp1b 2/2 or NKR-P1B-deficient mice hereafter. NKR-P1B-deficient progeny from heterozygous parents were born with expected Mendelian frequency and without any gross pathological signs. These mice display normal immune development, including normal numbers of T, B, dendritic, NK, and NK T (NKT) cells in central and peripheral immune organs, comparable to B6 WT mice (Table 1) .
Developmental and activation marker expression on NKR-P1B-deficient NK cells NK cells develop in the bone marrow with sequential acquisition of surface markers at different stages of differentiation. [36] [37] [38] We determined whether NK cell development and differentiation was affected by the lack of NKR-P1B. We first analyzed the expression of multiple For personal use only. on April 23, 2017 . by guest www.bloodjournal.org From NKC-encoded NK cell receptors in NKR-P1B-deficient mice by flow cytometry and found them expressed at normal levels and percentages on NK cells (Figure 2A ). Interestingly, this finding included Ly49 receptors and CD94-NKG2 receptors that are expressed at variable frequencies on NKR-P1B 1 and NKR-P1B -NK cell subsets in rodents. 13, 19, 20 One exception was NKG2D, whose expression was moderately downmodulated on NK (NK1.1 1 and NKR-P1B -NK cells from WT mice had similar surface expression levels of NKG2D ( Figure 2D ), indicating that NKG2D downregulation was specific to NK cells from NKR-P1B-deficient mice. However, these cells were not impaired in their ability to kill targets expressing NKG2D ligands (data not shown). Interestingly, the percentage of NKR-P1B 1 NK cells in heterozygous mice (;45%) was higher than that deduced from the product rule (;32%), as was observed for Ly49 expression in heterozygous NKC KD mice. 32 This result is consistent with previous studies showing a more codominant vs purely stochastic expression of NKR-P1B in NK cells. 13 The numbers and frequencies of NK cells in the spleen, lung, and liver were similar in WT and NKR-P1B-deficient mice ( Figure 3A ; Table 1 ). Additionally, markers associated with mature NK cells were normally expressed on splenic NK cells ( Figure 3B ). When cultured with interleukin-2, NKR-P1B-deficient NK cells produced granzyme A and upregulated CD69 and KLRG1 activation markers comparable to WT NK cells ( Figure 3C ). In addition, IP injection of poly(I:C) resulted in similar CD69 upregulation on NK cells from NKR-P1B-deficient and WT mice ( Figure 3D ). However, we observed a lower percentage of NK cells expressing KLRG1 in naïve NKR-P1B-deficient mice compared with WT mice (Figure 3D ), similar to Ly49-deficient (NKC KD ) and MHC-I-deficient mice. 32, 39, 40 Apart from the slight downregulation of NKG2D and KLRG1, development and differentiation of NK cells appears normal in NKR-P1B-deficient mice.
NKR-P1B:Clr-b inhibitory signals are abolished in NKR-P1B-deficient NK cells NKR-P1B interacting with Clr-b has been shown to inhibit NK cells in vitro. 13, 17, 18 We performed NK cell cytotoxicity assays against stably transfected CHO target cells expressing high and low levels of Clr-b ( Figure 4A ). In contrast to the WT LAK cells, which were inhibited by Clr-b-expressing CHO cells ( Figure 4B ), the NKR-P1B-deficient LAK cells were not inhibited ( Figure 4C ). Notably, these LAK cells were generated from whole splenocytes, thus the WT LAK cells contained a mixture of NKR-P1B 1 (;60%) and NKR-P1B -(;40%) cells. Intracellular IFN-g production and degranulation potential of NKR-P1B-deficient NK cells were normal in response to YAC-1 cells, activating NKR-P1C receptor (NK1.1) cross-linking, and PMA/ionomycin treatment, compared to WT NK cells ( Figure 4J and supplemental Figure 1) . Engagement of NKR-P1B using 2D12 mAb inhibited IFN-g production by WT, but not NKR-P1B-deficient, NK cells on simultaneous stimulation via NK1.1 crosslinking or PMA/ionomycin ( Figure 4J ). Additionally, in WT mice, a higher proportion of IFN-g 1 NK cells coexpressed NKR-P1B
and Ly49C/I, as compared to those expressing either or none of the inhibitory receptors ( Figure 4K ). In contrast to previous studies, 42 we also observed hyporesponsiveness of NK cells lacking NKR-P1B and Ly49C/I receptors when treated with PMA/ ionomycin, perhaps due to our use of a lower concentration of PMA/ionomycin; this difference was abolished on stimulation with higher concentrations of PMA/ionomycin (data not shown). Together, these data reaffirm the inhibitory nature of NKR-P1B and demonstrate that, like the MHC-I-specific Ly49 receptors, NKR-P1B contributes to NK cell functional responsiveness and tolerance.
NKR-P1B-deficient mice exhibit decreased rejection of Clr-b-deficient splenocytes and increased rejection of MHC-I-deficient splenocytes Clr-b is expressed at high levels on mouse hematopoietic cells and frequently downregulated on tumor cell lines cultured in vitro. 17 NKR-P1B is thought to be involved in MHC-independent missing-self recognition by monitoring Clr-b expression on host cells. To test this hypothesis in vivo, we performed acute hematopoietic cell rejection assays using Clr-b 
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For personal use only. on April 23, 2017. by guest www.bloodjournal.org From Rejection of Clr-b 2/2 splenocytes by WT mice is mediated by NK cells, because NK cell depletion abrogated this response ( Figure 5B ). 41 We next performed in vivo rejection assays using MHC-I-deficient cells. Strikingly, MHC-I-deficient (B2m 2/2 ) splenocytes were more efficiently rejected by NKR-P1B-deficient mice compared with WT mice ( Figure 5C, left) . However, WT and NKR-P1B-deficient mice were equally efficient at rejecting MHC-I/Clr-b double-deficient (B2m
) splenocytes, suggesting that the reduced rejection of MHC-I-deficient splenocytes in WT mice was due to inhibitory NKR-P1B:Clr-b interactions ( Figure 5C, right) . This finding was also recapitulated in cytotoxicity assays in vitro using B2m 2/2 and B2m
2/2
Clr-b 2/2 BM-DCs as target cells ( Figure 5D ). Moreover, rejection of B2m 
Involvement of NKR-P1B in tumor surveillance and immune escape
Because NKR-P1B is involved in missing-self recognition of Clr-b, which is often lost or downregulated on tumor cell lines in vitro, we next investigated the role of NKR-P1B in tumor development in vivo using the Em-myc Tg mouse model. Em-myc Tg mice develop spontaneous B-cell lymphomas due to transgenic expression of the c-myc oncogene in B cells. 44 We bred B6-background Em-myc Tg mice with NKR-P1B-deficient mice to obtain Em-myc BM-DCs was tested by 51 Cr-release assay. Data are represented as the mean 6 SD of percent killing measured in triplicate. Statistical analysis was performed by Student t test, and P values are indicated.
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For personal use only. on April 23, 2017 . by guest www.bloodjournal.org From due to an enlarged thymus. The onset of B-cell lymphoma was significantly delayed in NKR-P1B-deficient mice, and these mice stayed tumor-free and healthy longer compared with WT and heterozygous littermates ( Figure 6A ). Eventually, most Em-myc Inhibitory receptors are required for the education (licensing) of developing NK cells to acquire the ability to respond to activation signals. NK cell responsiveness is proportional to the number of self-MHC-specific inhibitory receptors expressed; that is, NK cells that express more inhibitory Ly49 receptors are also more responsive toward stimulation. 42, 46 Our study demonstrates a higher responsiveness of NK cells expressing the inhibitory receptors NKR-P1B and Ly49C/I, in contrast to those expressing either or none of the receptors. Therefore, like the Ly49 receptors, NKR-P1B seems to contribute to NK cell education and hence higher responsiveness.
It has been shown that lack of MHC-I-dependent NK cell education in full MHC-I-deficient mice results in hyporesponsiveness of the uneducated/unlicensed NK cells toward activating stimuli. 47, 48 Because our data support a role of the NKR-P1B receptor in NK cell tolerance, one might expect NKR-P1B-deficient NK cells to be hyporesponsive. However, in our study, IFN-g production and degranulation in response to general activation stimuli appear to be normal in NKR-P1B-deficient NK cells. In contrast, NK cells from Clr-b-deficient mice, like full MHC-I-deficient mice, appear to be hyporesponsive to activating receptor cross-linking and cytokine stimulation, 41 despite a complementarity of deficiencies in either the Clr-b ligand or the NKR-P1B receptor. We have encountered a similar situation in Ly49-deficient mice, in which NK cell responses to various general activating stimuli were preserved. 32 Similarly, NKR-P1B-deficient mice are as efficient as WT mice regarding in vivo rejection of hematopoietic cells lacking both Clrb and MHC-I, despite an expected hyporesponsiveness of NKR-P1B-deficient NK cells. This finding may suggest a dominant effect of MHC-I-dependent NK cell education and missing-self responses over those mediated via the single NKR-P1B:Clr-b interaction. Alternatively, a qualitative skewing of NK cell subsets during NK cell education and repertoire formation may result in increased dependence on, and a stronger magnitude of, MHC-I-dependent missing-self responses in NKR-P1B-deficient vs WT mice. In addition, other Clr-b interactions, such as with alternative inhibitory or stimulatory NK receptors recognizing Clr-b alone or in complex with other Clr family members, may impart some education on these cells. Notably, NKR-P1G is another inhibitory member of the NKR-P1 receptor family, and NKR-P1F shares overlapping ligand specificity with NKR-P1G. 11, 15, 21, 22, 49 A full analysis of Clr-b interactions with other Clr family members remains to be tested.
Educated/licensed NK cells play a role in missing-self recognition, where target cells with reduced expression of inhibitory selfligands are specifically recognized and eliminated by NK cells. 7 Clr-b is broadly expressed on hematopoietic cells and at least some nonhematopoietic tissues, thus overlapping the expression of MHC-I ligands for the inhibitory Ly49 receptors. 17, 27, 50 Clr-b recognition by NKR-P1B provides an MHC-I-independent missing-self recognition mechanism. Although Clr-b-deficient splenocytes are acutely rejected in WT mice treated with TLR agonists, they are not rejected in NKR-P1B-deficient mice in vivo, providing a genetic proof-of-principle for MHC-independent missing-self recognition by NK cells (this study and Chen et al 41 ). This complementation resembles the inability of Ly49-deficient mice to reject MHC-I-deficient cells. 32 Similarly, Clr-bdeficient mice are unable to reject Clr-b-deficient splenocytes due to self-tolerance mechanisms influencing NKR-P1B:Clr-b-dependent NK cell education. 41 Note that MHC-dependent NK cell education and missing-self responses are intact in NKR-P1B-deficient mice, as demonstrated by enhanced rejection of MHC-I-deficient cells. Thus, NKR-P1B:Clr-b-dependent missing-self recognition appears to function independently and in parallel with missing-self recognition of MHC-I ligands by Ly49 receptors.
Clr-b is frequently downregulated on tumor cell lines in vitro. 17 However, myc-induced B lymphoma cells in Em-myc Tg mice reproducibly maintain high-level expression of Clr-b comparable to normal B cells from WT mice. In contrast, Clr-b was found to be frequently and spontaneously downregulated on B lymphoma cells from NKR-P1B-deficient mice. Taken together, these results suggest that oncogene-transformed cells may face selective pressure from NK cell-mediated immunosurveillance to maintain high Clr-b expression levels, which may in turn represent an effective escape mechanism to inhibit WT (NKR-P1B
1
), but not NKR-P1B-deficient, NK cells. Thus, NKR-P1B-deficient NK cells, which are resistant to Clr-b inhibition, eliminate tumor cells more efficiently, thereby significantly delaying kinetics and decreasing penetrance of myc-induced spontaneous lymphomas in NKR-P1B-deficient vs WT mice.
In summary, this study provides in vivo evidence of a negative regulatory role of the NKR-P1B:Clr-b recognition axis in innate immune responses. Figure 7D ). This latter scenario has potential therapeutic implications. Tumors and infected cells employ various mechanisms to escape immune detection. Expression of ligands specific for inhibitory NK receptors may render such pathological target cells resistant to lysis by NK cells. One could envisage a scenario whereby therapeutic blockade of inhibitory NK receptors would result in augmented NK cell activity. This effect has been demonstrated in the case of T cells by blocking cytotoxic T lymphocyte-associated antigen-4, and in NK cells by blocking inhibitory Ly49C/I, both of which led to augmented antitumor effects. 51, 52 Our study shows that the absence of NKR-P1B in gene-knockout mice results in a significant advantage over WT mice in controlling myc-induced B-cell lymphoma. This finding lends support to the idea of suppressing inhibitory signals in immune cells to achieve optimal antitumor and antipathogen immunity. NKR-P1B-deficient mice thus represent a useful model for the human NKR-P1A:LLT1 receptor-ligand system to study the role of these receptors on immune cells and their contribution to immunity against tumors and pathogens.
